The influence of the hip joint formulation on the kinematic response of the model of human gait is investigated throughout this work. To accomplish this goal, the fundamental issues of the modeling process of a planar hip joint under the framework of multibody systems are revisited. In particular, the formulations for the ideal, dry, and lubricated revolute joints are described and utilized for the interaction of femur head inside acetabulum or the hip bone. In this process, the main kinematic and dynamic aspects of hip joints are analyzed. In a simple manner, the forces that are generated during human gait, for both dry and lubricated hip joint models, are computed in terms of the system's state variables and subsequently introduced into the dynamics equations of motion of the multibody system as external generalized forces. Moreover, a human multibody model is considered, which incorporates the different approaches for the hip articulation, namely ideal joint, dry, and lubricated models. Finally, several computational simulations based on different approaches are performed, and the main results presented and compared to identify differences among the methodologies and procedures adopted in this work. The input conditions to the models correspond to the experimental data capture from an adult male during normal gait. In general, the obtained results in terms of positions do not differ significantly when the different hip joint models are considered. In sharp contrast, the velocity and acceleration plotted vary significantly. The effect of the hip joint modeling approach is clearly measurable and visible in terms of peaks and oscillations of the velocities and accelerations. In general, with the dry hip model, intra-joint force peaks can be observed, which can be associated with the multiple impacts between the femur head and the cup. In turn, when the lubricant is present, the system's response tends to be smoother due to the damping effects of the synovial fluid. Flores 2
KINEMATICS OF THE HIP JOINT
In traditional analysis of planar multibody systems the human hip articulation can be modeled as an ideal or perfect joint, i.e., clearance, local elastic deformations, wear, and lubrication effects are neglected. However, in a real human joint, a gap is present between the femur head and hip bone or acetabulum. Such clearance is necessary to permit the relative motion between the connected bodies as well as to permit the components assemblage. This in essence is similar to a journal-bearing joint, while there is a radial clearance allowing for the relative motion between the journal and the bearing parts. For the ideal approach, the hip joint can be considered as a ball and socket joint [31] [32] [33] [34] . In this work the concept of journal-bearing model is considered with the purpose of keeping the analysis simple, but better representing the real physics of the hip joint because the human gait is confined to the sagittal plane [35] .
From the modeling view point, the hip joint can be considered as a journal-bearing element, in which the gap between journal and bearing parts can be empty or filled with a lubricant (synovial fluid). With the purpose of determining the forces produced by a journal-bearing, the different kinematic parameters involved in the computation of these forces need to be identified. In standard multibody models, it is assumed that the connecting points of two bodies, linked by an ideal revolute joint, are coincident [36] . The introduction of the clearance in a revolute joint separates these two points and the bodies can freely move relative to each another. A revolute joint with clearance does not constrain any degree-of-freedom from the system like an ideal revolute joint. In a revolute clearance joint, the contact or lubrication forces control its dynamics. Thus, this type of joint can be identified as a force-interactionjoint, since it deals with force effects rather than the kinematic constraints. Figure 1 shows a general configuration of a journal-bearing in a planar multibody mechanical system. The two bodies i and j are connected by a lubricated revolute joint, in which the gap between the bearing and the journal is filled with a fluid lubricant. Part of body i is the bearing and part of body j is the journal. The center of mass of body i is O i and the center of mass of body j is denoted by O j . Local coordinate systems for bodies i and j are attached to their centers of mass, while a global coordinate system is represented by XY. Point P i indicates the center of the bearing and the center of the journal is referred by point P j . The coordinate system X'Y' is parallel to the body fixed coordinate system (ξη) i with its origin in the bearing center [37] . In what follows, some of the most relevant kinematic aspects associated with the journal-bearing are presented. As displayed in Fig. 1 , the "eccentricity" vector e, which connects the centers of the bearing and journal, can be described as e = r j P − r i P (1) where both r j P and r i P are position vectors written in global coordinates with respect to the inertial frame [36] ,
where A k is the transformation matrix and ′ s k P is the vector of local coordinates of point P [36] . Equation (1) can be rewritten as
The magnitude of the eccentricity vector is evaluated as,
where e T is the transpose of vector e. A unit vector, n, along the eccentricity direction is defined can be defined as
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The unit radial vector n is aligned with the line of centers of the journal and bearing. The tangential direction is defined by rotating vector the radial vector n by an angle of 90º in the counter-clockwise direction.
For the case of dry revolute clearance joint, the contact between journal and bearing surfaces can be quantified by a pseudopenetration, δ. In multibody system dynamics with contacting bodies, the words "penetration", "deformation", or "indentation" usually have the same meaning. In fact, the contact detection is performed by evaluating, at each integration time step, the gap or distance between potential contacting points. When this distance becomes negative, it means that the bodies overlap, and in these situations, the distance is designated as indentation or pseudo-penetration. In reality, the bodies do not penetrate each other, but they deform. In computational simulations, the pseudo-penetration is related to the actual local deformation of the bodies. Furthermore, in the second phase of the contact modeling problem, the application of the contact law deals with the use of an appropriate constitutive law relating the material properties and penetration to the contact forces necessary to avoid the indentation of the contacting bodies. In other words, the contact force can be thought of penalizing the indentation. Thus, it is clear that the geometric condition for contact between the bearing and journal can be defined as
where e is the magnitude of the eccentricity vector given by Eq. (4) and c is the radial clearance size. It should be noted that here the clearance is taken as a specified parameter based on clinical data. When the magnitude of the eccentricity vector is smaller than the radial clearance size, there is no contact between the journal and bearing surfaces. When the magnitude of eccentricity is larger than radial clearance, there is contact between the journal and the bearing, being the relative penetration given by Eq. (6). The contact or control points on bodies i and j are Q i and Q j , respectively. The global position of the contact points in the bearing and journal are given by [38] 
where R i and R j are the bearing and journal radius, respectively. The velocities of the contact points Q i and Q j in the global system are obtained by differentiating Eq. (7) with respect to time, yielding
Let the components of the relative velocity of contact points in the normal and tangential direction to the surface of collision represented by v N and v T , respectively. The relative normal velocity determines whether the bodies in contact are approaching or separating, and the relative tangential velocity determines whether the bodies in contact are sliding or sticking [39] . The relative scalar velocities, normal and tangential to the surface of collision, v N and v T , are obtained by projecting the relative impact velocity onto the tangential and normal directions, yielding
where t is the tangential direction to the impacting surfaces. The parameter ε, which defines the "eccentricity ratio", is the ratio between the distance from the bearing to the journal centers and the radial clearance, that is
Parameter  ε is obtained by differentiating Eq. (3) and dividing the result by radial clearance. Differentiating Eq. (3) yields
Hence, the time rate of eccentricity ratio is given by
The line of centers between the bearing and journal makes an angle γ with X'-axis, as shown in Fig. 1 . Since the unit radial vector n has the same direction as the line of centers, the angle γ is calculated using the following relation
from which,
Thus, the parameter  γ is obtained by differentiating Eq. (15) 
In short, the contact problem studied within the framework of multibody systems formulations can be divided into two main phases, namely (i) the contact detection [40] and (ii) the application of an appropriate contact force law [41] . The contact detection is the procedure which allows to check whether the potential contacting surfaces are in contact or not. For multibody systems, this analysis is performed by evaluating, at each integration time step, the gap or distance between contacting points. When this distance becomes negative, it means that the bodies overlap, and hence in these situations, the distance is designated as penetration or indentation. In realty, the bodies do not penetrate each other, but they deform. In computational simulations, the penetration is related to the actual deformation of the bodies. In the second phase of the contact modeling problems, the application of the contact law deals with the use of an appropriate constitutive law relating the penetration and the contact forces necessary to avoid the inter-penetration of the contacting bodies. In other words, the contact force can be thought of penalizing the pseudo-penetration, and hence this approach is commonly denominated as penalty method.
In turn, when the space between the journal and bearing is filled with a lubricant, the joint becomes a revolute joint with lubrication action, whose kinematic are aspects similar to those for the revolute joint with clearance. The only difference is that the relative radial velocity expressed by Eq. (8) leads the lubricant squeeze action when there is no contact between the journal and bearing walls.
DYNAMICS OF THE HIP JOINT
For the case of dry clearance approach, the contact-impact forces can be obtained by using one of the Hunt-Crossley models [42] [43] [44] . This approach is sound since that models account for both the elastic and damping effects, in particular those that involve spherical contacting surfaces. The damping effect is associated with the energy dissipated during the impact process, together with the dissipative effect associated with the Coulomb friction on the contact surfaces [45] .
Various types of constitutive laws are suggested in the literature [46] [47] [48] [49] [50] , all based one of original prominent model proposed by Hertz. However, the Hertz contact model law is purely elastic in nature and cannot explain the energy loss during the impact process. Lankarani and Nikravesh [43] overcame this difficulty by separating the normal contact force into elastic and dissipative components as
where the first term represents the elastic forces and the second term accounts for the energy dissipation. In Eq. (17), K is the generalized contact stiffness parameter, δ is the relative penetration depth, D is the hysteresis damping coefficient and  δ is the relative impact velocity. The exponent n is set equal to 1.5 for most metallic contacts. The generalized stiffness parameter K depends on the geometry and physical properties of the contacting surfaces. For two spherical contacting bodies with radii R i and R j , the stiffness parameter is expressed by [51] 
where the material parameters σ i and σ j are given by TRIB-15-1150
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in which the variables ν z and E z denote the Poisson's coefficient and Young's modulus associated with each body, respectively. The hysteresis damping coefficient D can be expressed by [43] 
where η is the hysteretic damping factor. An expression for η can be obtained by relating the kinetic energy loss by the impacting bodies to the energy dissipated in the system due to internal damping. Considering the kinetic energies before and after impact, the energy loss ΔE can be expressed as a function of the restitution coefficient c e and initial impact velocity  δ
where c e is the "coefficient of restitution". The energy loss can also be evaluated by the integration of the contact force around the hysteresis loop. Assuming that the damping force deformation characteristics during the loading and unloading phases are the same, it can be seen that [43] 
After substituting Eq. (21) in Eq. (22) an expression for the hysteretic damping factor η is obtained as
which represents the kinetic energy loss of the work done by the contact force. Thus, the hysteretic damping factor expressed by Eq. (23) is now substituted into Eq. (17) resulting in the continuous contact force model, which includes internal damping, written here as [43] f
For the case of lubricated hip joints, the Reynolds' equation is utilized to evaluate the hydrodynamic forces developed by the fluid pressure field in a hip joint. When the journal and bearing have relative rotational velocities with respect to each other, the amount of eccentricity adjusts itself until the pressure generated in the converging lubricating film balances the external loads. The pressure generated, and hence the load capacity of the journal-bearing, depends on the journal eccentricity, the relative angular velocity, the effective viscosity of the fluid lubricant, and the journal-bearing geometry and clearance. There are two different actions of pressure generation in journal-bearings, namely the "wedge" and "squeeze" actions. The squeeze action relates the radial journal motion with the generation of load capacity pressure in the lubricant film, whilst the wedge action deals with the relation between relative rotational velocity of the journal and bearing ability to produce such pressure. When the journal and bearing walls are fully separated, the assumption of hydrodynamic lubrication theory can be applied [37] . This means that the hydrodynamic forces, which are developed due to the pressure field generated during their relative motion, control the dynamics of the journal and bearing elements. However, when the journal and bearings surfaces are too close, alternative lubrication theories must be considered, such as those presented in [9, 10] .
The isothermal Reynolds' equation for a dynamically loaded journal-bearing for which the fluid is incompressible and the journal and bearing do not experience any elastic deformation, can be written as [52] (25) where h is the fluid film thickness, p is the fluid pressure, µ is the absolute fluid viscosity, U is the relative tangential velocity, and X and Z are the radial and axial directions, respectively. The two terms on the right-hand side of Eq. (25) represent the two different effects of pressure generation on the lubricant film, i.e., wedge and squeeze film actions, respectively. It is known that the Reynolds' equation (25) is a nonhomogeneous partial differential of elliptical type being the exact solution difficult to obtain and, in general, requiring considerable numerical effort. However, it is possible to solve the Reynolds' equation analytically when either the first or the second term on the left-hand side is null. These particular solutions correspond to models of infinitely-short and infinitely-long journal-bearing, respectively.
For an infinitely-long journal-bearing it is assumed a constant fluid pressure and a negligible leakage in the Z-direction (referred to Fig. 1) . In many cases, it is possible to treat a journal-bearing as infinitely-long and consider only its middle point. This solution, firstly presented by Sommerfeld [52] , is valid for length-to-diameter ratios L B /D B greater than 2. Considering the case of an infinitely long journal-bearing, the Reynolds' equation is simplified as
By integrating Eq. (26), the pressure field in the journal-bearing is given by (27) where again c is the radial clearance, θ is the angular coordinate, ε is the eccentricity ratio,  ε is the time rate of change of eccentricity ratio, µ is the dynamic lubricant viscosity and R J is the journal radius. Equation (27) enables the calculation of the pressure distribution in a hydrodynamic infinitely-long journal-bearing as a function of the dynamic journal-bearing parameters and geometry. However, it is convenient to determine the force components of the resultant pressure field in the directions aligned and perpendicular to the line of centers of the journal and bearing. These force components can be obtained by integration of the pressure field around the half domain π, i.e., the pressure distribution is integrated only over the positive region by setting the pressure in the remaining portion equal to zero. These are known as the Gümbel's boundary conditions. This analysis involves a great deal of mathematical manipulation for which the interested reader is referred to [52] . Thus, the component forces along eccentricity direction and its perpendicular direction are, for  ε > 0 , given by
and for  ε < 0 yields
where the parameter k is defined as
in which L B is the journal-bearing length, c is the radial clearance, ω is the relative angular velocity between the journal and the bearing and γ is the angle between the eccentricity direction and the X-axis, as depicted by Fig. 1 . The notation ( •) denotes the time derivative of the quantity (•) . The hydrodynamic force components given by Eqs. (28) to (32) are nonlinear functions of the time parameters, ω, ε,  ε , γ, and  γ , which can be evaluated at any instant of time from the dynamic analysis of the multibody system. The journal's center motion is obtained from the dynamic analysis of the overall system.
MULTIBODY SYSTEMS FORMULATION
The dynamics equations of motion for a multibody system subjected to holonomic constraints can be described as [36] M Φ q
with the reference frame placed at the center of mass for each body, M is the system mass matrix, Φ q is the Jacobian matrix of constraint equations, the vector  q contains the generalized state accelerations, λ is the vector that contains the Lagrange multipliers associated with systems ideal kinematic jonts, g is the vector of generalized forces and γ is the vector of quadratic velocity terms that is used to describe Coriolis and centrifugal terms in the equations of motion [36] . Equation (33) is formed as a combination of the equations of motion and kinematic acceleration equations, often referred to as a "mixed set of differential and algebraic equations". A set of initial conditions (positions and velocities) is required to start the dynamic simulation. The selection of the appropriate initial conditions plays a key role in the prediction of the dynamic performance of mechanical system [53] . In the present work, the initial conditions are based on the results of kinematic simulation of a mechanical system in which all the joints are assumed to be ideal, that is, without clearance. The subsequent initial conditions for each time step in the simulation are obtained in the usual manner from the final conditions of the previous time step [36] . In order to stabilize or keep under control the constraints violation, Eq. (33) is solved using the Baumgarte stabilization technique [54, 55] . This method is utilized in this study due to its robustness, easiness to implement and mainly due to its computational efficiency. Alternative formulations are available in the literature, and the interested reader referred to the works by Nikravesh [36, 53] .
In turn, the integration process is performed using a predictor-corrector algorithm with both variable step size and order [56, 57] . The use of numerical algorithms with automated adjustable time step size is particularly important in contact problems whose dynamic response is quite complex due to the sudden changes in kinematic configuration. In such events, the use of a constant time step is computationally inefficient and the system could be overlooked due to insufficient time resolution. The automated time step size adaptability is therefore a crucial part of the dynamic solution procedure. Additionally, the abrupt configuration changes caused by rapid variation of contact forces are source of normal stiffness, since the natural frequencies of the system are widely spread. Thus, the time step size must be adjusted in order to capture the fast and low components of the system response [36] .
MODEL DEVELOPMET
This section includes the details of development of a human multibody models with different approaches for modeling of the hip joint. The human multibody model of the human body is developed and analyzed within a general purpose multibody code that uses a methodology based on multibody systems formulations [36] . Figure 2 shows a schematic representation of the human multibody model considered here. The model is composed of seven rigid bodies, including two legs (thigh, shank, foot) and the main body segments here denominated as HAT (acronym for Head-Arms-Trunk) [30] . The present study only accounts for the skeletal structure, and the effect of muscles, tendons and ligaments have been neglected [1] . It is well known that in order to define the configuration of a planar body, three independent coordinates are needed, namely, two coordinates specifying the translation of the body center of mass and one specifying the body rotation [36] . Since the model used here is two-dimensional (the human multibody model is considered for gait analysis in the "mid-sagittal plane"), it has a total of 21 Cartesian coordinates, which results from three coordinates for each body. An anthropometric description of the seven anatomical segments and their corresponding properties are listed in Table 1 , which have been adopted from [58] .
In the human multibody model considered in this study, six revolute joints link the anatomical segments, which result in twelve constraints in the system. Thus, the inclusion of these constraints to the system results in nine degrees-of-freedom, corresponding to six rotations for the revolute joints axes, plus two translations and one rotation of the main body (½ HAT). These nine degrees-offreedom are associated with the "guiding constraints", as described in reference [30] . In addition to development of the guiding constraints, it is also necessary to have the kinetic information describing the interaction between the model and its surrounding environmental, namely the normal of contact forces on the feet, as well as their respective points of application [1] . The trajectories of all the bodies that represent the system's degrees-of-freedom have guide constraints associated, which are obtained experimentally. The motion data for the biomechanical system consists of the trajectory of a set of anatomical points located at the natural joints. The collected data points are then interpolated using cubic splines in order to define the necessary mathematical expressions that represent that guide constraint equations. The methodology utilized to model the guiding constraints associated with bodies' trajectories has been validated and incorporated in a specific computational code developed with the purpose of performing kinematic and dynamic analysis of human multibody models [59] . The values of the contact forces between the ground and feet are obtained from experiment [59] . Furthermore, it is clear that the point of application of these contact forces varies with time during the interaction between the foot and the ground along stance period. This issue is of paramount importance in order to obtain proper results, as it was demonstrated in [60] [61] [62] . Thus, in order to correctly define the point of application of reaction forces in the system, it is necessary to calculate the local coordinates of this point in relation to the center-of-mass of the foot [30] . Figure 3 shows the location of a generic point of application P of the contact forces developed between the foot and ground. The global coordinates of the contact point are given by [36] 
In addition, the Cartesian components of the applied external forces, here designated by f x and f y , have been transferred to the foot's center of mass. The transferred forces and moments are then added to the generalized force vector of the foot, resulting in the force components and a moment of forces. The reader interested in the detailed analysis of the human multibody modeling for locomotion is referred to the work by Silva and Ambrósio [1] and Meireles et al. [30] .
As mentioned above, the human multibody model developed here is investigated for three different types of hip joint models, the ideal or perfect case, the dry clearance joint, and the lubricated joint. The traditional formulation for an ideal revolute joint, known as zero clearance approach, considers that the connecting points of two bodies linked by a revolute joint are coincident. The introduction of the clearance in a joint separates these two points. Thus, a revolute joint with clearance does not constraint any degree-of-freedom from the mechanical system like the ideal joint, it imposes some restrictions, limiting the journal to move within the bearing. In fact, when clearance is present in a revolute joint, the two kinematic constraints are removed and two degrees-of-freedom are introduced instead. The dynamics of the joint is then controlled by forces related to the interaction between the femur head and cup. Thus, whilst a perfect revolute joint in a mechanical system imposes kinematic constraints, a revolute clearance joint leads to force constraints. In short, when the hip articulation is modeled as an ideal joint, the corresponding kinematic constraints are introduced into the equations of motion in terms of Jacobian matrix ( Φ q ) and right hand-side of the accelerations vector (γ). In turn, for the cases of dry and lubricated models, the contribution to the equations of motion are reflected in terms of external forces that develop during the system's motion and are introduced into the generalized force vector (g) [36] .
RESULTS AND DISCUSSION
In this section, some results obtained from computational simulations of a human multibody model described in the previous section are presented and discussed. For this purpose, different approaches for modeling of the hip joint have been utilized. In order to keep the analysis simple and to improve the computational efficiency of the code, only one leg is considered in the simulations. This is clear due to the similarity and equivalence of the motion described in both legs, since the input data capture correspond to a male without any pathology in terms of human locomotion [58] . Table 2 presents the main parameters used in the different models, and to characterize the problem and for the numerical methods utilized. The main anthropometric, kinematic and kinetic information of the human multibody model described earlier is extracted from Ref. [30] . This data corresponds to a period of time equal to 0.957 s, representing a complete gait cycle of normal cadence [58] . The gait cycle is divided into two main phases. The first phase [0.0-0.4s] corresponds to the "swing period", while the second phase [0.4-0.957s] corresponds to the "stance period" [59] . The radial clearance of the nonideal hip joint is taken to be equal to 20 µm, which corresponds to the actual size in a typical hip prosthesis with nominal dimensions utilized in the present study [63] . It must be stated that in the present investigation, all computational simulations of human multibody model with different hip joint formulation under the same set of input conditions. The scenario and conditions have been considered when modeling the hip articulation with the three different approaches, which corresponds to the normal human gait, since the main purpose of this work is to deal with the hip joint model. Anyway, different scenarios could also be considered, namely those associated with the running, stair climbing, squatting, just to mention a few. 
The dynamic response of the human multibody model is quantified by plotting the position, velocity and acceleration of the thigh for the different models of the hip articulation. In addition, Poincaré maps are utilized to study the dynamic behavior of the human multibody model in terms of periodic and nonperiodic responses. For this purpose, the velocity and acceleration of the thigh in the vertical Y-direction are the kinematic variables to construct the Poincaré maps. It must be highlighted that in order to keep the analysis simple, the diagrams plotted here are only for the thigh and in the Y-direction. Nevertheless, similar results can be obtained for other variables and for other anatomical segments and directions. Figures 4 up to 15 show the global results obtained from the computational simulations for the different hip joint models, for two different hip nominal radii and for two values of synovial fluid viscosity. As it would be excepted, the outcomes in terms of positions response are not significantly affected by the hip joint model considered. This is logical because the magnitude of the clearance is quite small when compared with the general dimensions of the anatomical segments and also with the gross motion described by the systems' elements.
However, the influence of the hip joint model in terms of the plots for velocities and accelerations is quite visible. Indeed, the variations and peaks observed are clearly associated with the intra-joint forces developed during the motion produced for dry and lubricated modeling approaches. The results indicate that the fluid lubricant acts like a damper, in the measure that it reduces the accelerations peaks visible for the dry joint. This is quite visible, mainly in the diagrams of accelerations. The effect of the fluid viscosity is also noticeable in the plots. In fact, when the viscosity is very high, such as for the case of 500 Pas, the systems tends to rigidify and the response is not very smooth. When the hip joint is modeled as lubricated with a viscosity of 250 Pas, it can be observed that system's response is much more smooth. It can be concluded that the dry joint model tends to exhibit a nonperiodic response due to the level of impacts between journal and bearing surfaces. The system's response is relatively close to the ideal joint case, when the hip joint is modeled as a lubricated one, as Poincaré maps indicate.
Finally, it must be stated that the simulation results for the ideal, dry, and lubricated joint models present a close response in terms of the variables plotted. This is logical since the values of the clearance considered are quite small when compared with the global motion produced. However, a significant deviation can be observed when highly values for the clearance are used. Moreover, when the fluid has a very low viscosity, the system's response exhibit a more complex pattern in the measure that the journal and bearing walls move quite close to each other. 
CONCLUSIONS
In this work, the effect of using different hip joint models on a human multibody model has been investigated. For this purpose, ideal kinematic, dry, and lubricated approaches have been considered to model the human hip articulation. This work has been developed under the framework of planar multibody systems formulation. The response of the human multibody model has been quantified by the examinations of the main kinematic variables for a complete gait cycle, namely in terms of positions, velocities and accelerations of the thigh. Additionally, Poincaré maps have been constructed to analyze the dynamic behavior of the system. In general, it can be drawn that the system's response tends to be smooth for the lubricated modeling case, in particular when the synovial fluid viscosity is not very high. For the case of dry joint model, it can be observed that the intra-joint contact forces cause high peaks on the acceleration plots and also tend to produce a nonlinear response in terms of Poincaré diagrams.
In short, the methodologies and modeling approaches as well as the results provided in this work show a potential towards the better understanding of the complex mechanical behavior of the human hip articulation. As future developments, the effect of the hip joint model on the muscles activation must be taken into account, and also some experimental investigation is needed to validate the methodologies presented in this work. Another important issue that must be considered is the presence of cartilages and how they can influence the human multibody model responses. Finally, it would also be of great important to extend the present investigation to the three-dimensional case, when the human hip articulation can be modeled as a ball and socket element. Figure 1 : Journal-bearing in a planar multibody system representing the hip joint in this study 
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